The prognostic impact of TERT mutations has been controversial in IDH-wild tumors, particularly in glioblastomas (GBM). The controversy may be attributable to presence of potential confounding factors such as MGMT methylation status or patients' treatment. This study aimed to evaluate the impact of TERT status on patient outcome in association with various factors in a large series of adult diffuse gliomas. We analyzed a total of 951 adult diffuse gliomas from two cohorts (Cohort 1, n = 758; Cohort 2, n = 193) for IDH1/2, 1p/19q, and TERT promoter status. The combined IDH/TERT classification divided Cohort 1 into four molecular groups with distinct outcomes. The overall survival (OS) was the shortest in IDH wild-type/TERT mutated groups, which mostly consisted of GBMs (P < 0.0001). To investigate the association between TERT mutations and MGMT methylation on survival of patients with GBM, samples from a combined cohort of 453 IDH-wild-type GBM cases treated with radiation and temozolomide were analyzed. A multivariate Cox regression model revealed that the interaction between TERT and MGMT was significant for OS (P = 0.0064). Compared with TERT mutant-MGMT unmethylated GBMs, the hazard ratio (HR) for OS incorporating the interaction was the lowest in the TERT mutant-MGMT methylated GBM (HR, 0.266), followed by the TERT wild-type-MGMT methylated (HR, 0.317) and the TERT wild-type-MGMT unmethylated GBMs (HR, 0.542). Thus, patients with TERT mutant-MGMT unmethylated GBM have the poorest prognosis. Our findings suggest that a combination of IDH, TERT, and MGMT refines the classification of grade II-IV diffuse gliomas.
Introduction
Extensive genomic analyses have recently revealed that the biology of brain tumors, therefore patients' clinical outcomes, is often determined by combinations of specific genetic and/or epigenetic alterations. The latest edition of the World Health Organization (WHO) Classification of Tumours of the Central Nervous System (revised 4th edition) incorporated molecular classification as a part of the integrated diagnosis, adding this to conventional histopathology and WHO grading [19] . This is a highly significant step in the diagnostic pathology, considering that the conventional histopathological diagnosis may suffer from morphological ambiguity and inter-observer discordance, most typically exemplified by oligoastrocytoma [33] . For molecular classification to best help standardize diagnoses, it is critical to test the efficacy of molecular markers to define specific entities.
Diffuse astrocytoma (DA) and anaplastic astrocytoma (AA) are best characterized by the presence of IDH1/ IDH2 mutations ("IDH mutation"), most often (but not always) accompanied by mutations in TP53 and ATRX [12, 17, 31] . It has been suggested that the IDH mutation is a founder mutation that precedes TP53 and ATRX mutations [31] . The presence of IDH mutation is associated with significantly longer overall survival in astrocytoma patients diagnosed, according to the WHO 2007 Classification [11, 36] . Oligodendroglioma is defined by the concurrent deletions of entire 1p/19q ("1p/19q codeletion"), which is invariably accompanied by IDH mutation. The 1p/19q codeletion is caused by an unbalanced t(1;19)(q10;p10) translocation resulting in total loss of one copy of 1p and 19q [8] . Mutations of FUBP1 (1p31.1) and/or CIC (19q13.2) are found in 52-66 % of oligodendrogliomas [4, 12] . The spatial/temporal distribution of FUBP1/CIC mutations may be heterogeneous, whereas the 1p/19q codeletion is homogeneously found within the tumor tissue [31] , and a considerable number of 1p/19q codeleted tumors have no mutations to FUBP1/CIC [31] . Thus, astrocytomas and oligodendrogliomas will be diagnosed based on molecular characterization of the IDH and 1p/19q statuses; diffuse astrocytomas are defined by the presence of IDH1/IDH2 mutations without 1p/19q codeletion, whereas the diagnosis of oligodendrogliomas requires the presence of both IDH mutation and 1p/19q codeletion. Molecular classification of IDH-wildtype gliomas is somewhat elusive. The great majority of primary GBMs are IDH wildtype. It has been suggested that most astrocytomas with wild-type IDH may resolve into other tumor entities, mostly glioblastomas (GBMs) [28] . For better definition of GBMs in IDH-wild-type tumors, further classification of molecular markers is needed.
TERT promoter mutations are very common in GBMs and oligodendroglial tumors [1, 14] . Mutations occur at either of the two hotspots (conventionally referred to as C228T and C250T for their chromosomal coordinates in the hg19 assembly) in a mutually exclusive manner. The mutations create de novo GA Binding Protein Transcription Factor Alpha Subunit (GABPA) binding sites [3] , causing an increase in TERT mRNA transcription in GBM [1, 3] , a mechanism that would lead to telomerase upregulation and telomere elongation. The TERT promoter mutations almost always coincide with IDH mutations and 1p/19q codeletion in oligodendrogliomas, whereas a combination of TERT mutation and wild-type IDH is the most common genotype observed in GBM. These findings suggest that the combination of IDH and TERT mutations may be useful to define glioma subclasses. The prognostic impact of TERT mutation in diffuse gliomas appears to be bivalent, unlike IDH mutation or 1p/19q codeletion. Concurrent mutations of TERT and IDH predict good prognosis, as an alternative hallmark of oligodendroglioma, whereas TERT promoter mutation with wild-type IDH tends to be associated with poor prognosis, although its use in predicting outcomes in GBM is controversial [1, 6, 13, 15, 26, 30] . One of the potential confounding factors in the prognostication of GBM is the methylation status of the MGMT promoter. MGMT promoter methylation ("MGMT methylation") is a well-established prognostic marker for primary GBM and a predictive marker for the response to temozolomide in elderly GBM [9, 22, 34] .
In this study, we examined the utility of molecular classification based on the IDH and TERT statuses to predict clinical courses of patients in association with various clinical factors, histological diagnosis, and grading in a large series of newly diagnosed WHO grade II-IV adult gliomas. We specifically focused on the potential interaction between MGMT promoter methylation and TERT mutational statuses to further refine the clinical value of molecular diagnosis. We found that TERT mutation identifies a subset of GBM patients who are most resistant to the conventional radiochemotherapy when MGMT is unmethylated.
Materials and methods

Patient selection
Two cohorts were collected in this study. Cohort 1 was formed to evaluate the prognostic impact of molecular classification based on IDH and TERT statuses in adult diffuse gliomas. The inclusion criteria for the Cohort 1 were as follows: 18 years of age or older, histological diagnosis of grade II-IV diffuse glioma originating in the cranium, genomic DNA available for molecular analysis (extracted from frozen tumor tissues taken at the time of the initial surgery), and clinical data available for survival analysis. Out of 881 cases initially collected from 13 institutions in Japan, 758 cases met the criteria and enrolled in the study as Cohort 1 (the diagram of case selection is shown in Fig. 1 ). To further analyze the impact of TERT promoter mutation and MGMT methylation status on survival, Cohort 2 was collected as an independent set of locally diagnosed GBM. The inclusion criteria for the Cohort 2 were: 18 years of age or older, histological diagnosis of GBM, treatment with local irradiation of 50 -65 Gy and concurrent chemotherapy with temozolomide after initial surgery, absence of clinically apparent preceding lower grade gliomas, no IDH1/2 mutations, clinical data available for survival analysis, and genomic DNA available for molecular analysis (extracted from frozen tissues taken at the time of the initial surgery). Out of 218 cases collected from four institutions in Japan, 193 cases met the criteria described above and were enrolled in Cohort 2. Clinical data collected from each institution included the detailed information as follows: age, sex, preoperative Karnofsky Performance status (KPS), extent of resection, radiation dose, and chemotherapeutic regimen in initial treatment. The study was approved by the Institutional Review Board (IRB) at National Cancer Center (No. 2013-042) and the corresponding local IRB of the participating centers.
Central pathology review
All cases of Cohort 1 were subjected to central pathology review by three senior neuropathologists (T.K., M.S., and H.S.). Histological diagnosis was made as a consensus of the 3 pathologists based on the fourth edition of WHO Classification (WHO 2007) [18] . Although the cases of the Cohort 2 were not subjected to these review procedures, the local diagnoses were based on the WHO 2007 criteria, similar to Cohort 1.
Molecular analysis
Tumor DNA was extracted from frozen tumor tissues for all cases using a DNeasy Blood & Tissue Kit (Qiagen, Tokyo, Japan). The details of genetic analysis, including PCR and sequencing for each gene status, are described in the Additional file 1: Supplementary materials. The presence of hotspot mutations in IDH1 (R132) and IDH2 (R172) was assessed by pyrosequencing for all cases included in this study, as previously reported [2] . The two mutation hotspots in the TERT promoter were analyzed in all tumors by Sanger sequencing and/or pyrosequencing, as previously reported [1] . The mutation hotspots at codons 27 and 34 of H3F3A and at codon 600 of BRAF were analyzed by Sanger sequencing and/ or pyrosequencing. The copy number statuses of 1p and Fig. 1 Flowchart of patient selection. For Cohort 1, 758 out of 881 Grade II-IV cases collected met the eligibility criteria and were analyzed for the prognostic impact of IDH and TERT status in adult diffuse gliomas. From Cohort 1, 260 GBM patients concurrently treated with TMZ and RT were further selected (Cohort 1 GBM). For Cohort 2, 193 IDH wild-type GBM cases treated with TMZ plus RT were selected (Cohort 2 GBM). Cohort 1 GBM and Cohort 2 GBM were analyzed for the influences of TERT and MGMT status on survival. GBM, glioblastoma; NF, neurofibromatosis; RT, radiation therapy; TMZ, temozolomide 19q were determined by multiplex ligation-dependent probe amplification (MLPA), Microarray-based comparative genomic hybridization (aCGH) or microsatellite analysis [1, 24, 32] . The copy number status of CDKN2A was also assessed using MLPA or aCGH [1] . The methylation status of the MGMT promoter was analyzed by pyrosequencing after bisulfite modification of genomic DNA extracted from tumor specimens as described [25] , with some modifications in the thermal cycling conditions. Based on an outcome-based study to determine an optimal cutoff to judge MGMT promoter methylation in a series of 276 newly diagnosed GBMs, we used a cut-off of ≥ 16 % for MGMT methylation. The details of this study will be described elsewhere (Ichimura, manuscript in preparation).
Statistical analysis
Statistical analysis was performed using an SAS package and JMP version 10 (SAS Institute, Cary, NC, USA). Categorized data were compared between subgroups using the chi-square test. The comparison for age distribution was examined with the Student's t test. The survival data were analyzed with the log-rank test and univariate and multivariate Cox regression analyses.
Stepwise procedure was used in multivariate Cox regression. In multivariate Cox proportional hazard models for GBM cases including TERT and MGMT, a term of interaction between them was also incorporated. A P-value < 0.05 was considered significant in statistical analyses.
Results
Molecular classification based on IDH and TERT defines distinct subgroups of adult gliomas in Cohort 1
All 758 tumor samples from Cohort 1 were screened for mutations in IDH1/2 and TERT hotspots and the copy number status of 1p/19q. The data were determined for all cases but one, in which the 1p/19q status was not determined. The frequencies of each molecular status for each histology are shown in Table 1 . The molecular status, patient background, and clinical information for each case are provided in Additional file 2: Table S1 . IDH1/2 mutations were present in 38 % of tumors, mostly a c.395G > A transition in IDH1 (R132H; 274/ 286, 96 %). TERT promoter mutations were observed in 51 % (390/758) of tumors. IDH1/2 mutations were common in grade II-III gliomas (38-96 %), whereas TERT promoter mutations were frequently observed in oligodendrogliomas (74-83 %) and GBMs (58 %).
The combined IDH/TERT classification divided the Cohort 1 into four molecular groups, each showing distinct patient characteristics, histology, or clinical outcome. The patient backgrounds and molecular status of (16) 16 (10) 19 (15) 49 (21) 37 (16) 0.05 KPS n (%) 100 160 (21) 66 (43) 51 (40) 26 (11) 17 (7) <0.0001 90 268 (35) 63 (41) 58 (45) 83 (35) 64 (27) 80 126 (17) 13 (8) 7 (5) 43 (18) 63 (27) 70 94 (12) 6 (4) 8 (6) 38 (16) 42 (18) − 60 107 (14) 7 (5) 4 (3) 47 (20) 49 (21) Adjuvant therapy n (%) There was a significant difference in overall survival (OS) and progression-free survival (PFS) between each group (p < 0.0001, Log-rank test; Fig. 3 ). Group A showed the most favorable prognosis (median OS, not reached; median PFS, 113.4 months), followed by group B (median OS, not reached; median PFS, 66.5 months). Group D showed significantly shorter OS or PFS than any other group. Multivariate analysis using Cox regression models including clinicopathological information also revealed the significant prognostic impact of molecular classification, histological diagnosis, age, sex, and surgery (Table 3) .
The molecular groups were also associated with patient age, spatial distribution, and other specific genetic profiles. The IDH-mutated groups (Groups A and B) comprised younger patients than the IDH wildtype groups (Groups C and D; 43.3 vs. 60.0 years, respectively; p < 0.0001, Student's t-test). Among the IDH-wild-type groups, Group C patients were younger than those in Group D (56.7 vs. 63.4 years, respectively; p < 0.0001, Student's t-test). Tumors in the IDH-mutant groups commonly involved the frontal lobe. Thalamic or infratentorial tumors were the most common in Group C (72 and 85 %, respectively). The great majority of the Group A tumors showed 1p19q codeletion (93 %). Among the IDH-wild-type tumors, mutations in H3F3A or HIST1H3B ("histone H3 mutations") were mostly observed in Group C. Deletion of CDKN2A was predominantly observed in IDHwild-type groups (Groups C and D). The frequency of TERT mutation-type (C250T or C228T) did not differ between Group A and Group D (p = 0.11, chi-square test).
Multivariate Cox regression models revealed differences in prognostic impact of WHO grade among molecular groups
We performed Cox regression analysis in each group to investigate whether the molecular groups are prognostic markers independent of the histological diagnosis. In Group A, only the patients' clinical backgrounds (age, KPS, and surgical history) were associated with overall survival after multivariate analysis, suggesting that this group was homogeneous regardless of the WHO grade (Additional file 2: Table S3 ). The 1p19q status was not significantly associated with survival by univariate Cox regression analysis, although the number of 1p19q intact tumors (n = 11/155) was too small for statistically conclusive results (Additional file 2: Table S3 ; Additional file 3: Figure S2 ). On the other hand, the WHO grade (II or III) was associated with OS and PFS in both univariate and multivariate analysis for Group B (Additional file 2: Table S4 ). In Group C, the WHO grade was significantly associated with OS and PFS in univariate analysis, whereas it was not prognostic in multivariate analysis (Additional file 2: Table S5 ). The WHO grade did not have significant impact on OS in both univariate and multivariate analysis for Group D (Additional file 2: Table S6 ). Collectively, the impact of WHO grade differed according to the molecular groups.
Interaction between TERT and MGMT in IDH-wild-type GBM
To investigate the impact of the TERT mutations and MGMT methylation in IDH-wild-type GBMs, we selected IDH-wild-type GBM cases from Cohort 1 who received concurrent temozolomide and radiation therapy with a dose of 50 -65 Gy, and whose clinical information and MGMT status were available. In total, 260 GBM cases met these criteria ("Cohort 1 GBM") and were further analyzed (Fig. 1) .
In univariate analysis of Cohort 1 GBM, the TERT mutation status was not associated with either OS or PFS, whereas the MGMT methylation status was strongly associated with longer survival (Additional file 2: Table  S7a ). However, multivariate analysis revealed that TERT mutation was associated with OS and PFS. The discordance in these results suggested that the prognostic impact of TERT mutation may be affected by other factors. We next performed a multivariate Cox regression analysis incorporating TERT and MGMT interaction. This analysis revealed a significant interaction between TERT and MGMT for both OS and PFS (P = 0.0002 and 0.0342, respectively; Additional file 2: Table S7b ). When compared with the TERT mutated-MGMT unmethylated group, the hazard ratio (HR) for OS incorporating the interaction was the lowest in the TERT mutated/MGMT methylated group (HR, 0.186), then the TERT wild-type/ MGMT methylated group (HR, 0.392), finally the TERT wild-type/MGMT unmethylated group (HR, 0.476).
To validate the findings in a larger series, we collected an independent cohort of 193 GBM cases as Cohort 2 (Fig. 1) . This cohort was selected using the same criteria as the Cohort 1 GBMs (see above and Fig. 1 ), except that local histological diagnosis was employed. The frequency of TERT promoter mutations in Cohort 2 (60 %) was comparable to the GBMs from Cohort 1. The Cohort 1 and Cohort 2 GBMs were then combined and analyzed (Table 4) . When stratified by TERT and MGMT statuses, their association with OS and PFS were as follows: 1) In the patients with MGMT methylated tumors, TERT status was not associated with either OS or PFS (P > 0.05, Log-rank test) 2) In the patients with MGMT unmethylated tumors, those with TERT mutant tumors showed shorter OS and PFS than those with TERT wild-type tumors (P < 0.05, Log-rank test); 3) lack of MGMT promoter methylation was associated with shorter OS and PFS in both TERT wild-type (Group C GBM) and TERT mutant (Group D GBM) groups (P < 0.05, Log-rank test; Fig. 4 ). As a result, patients with the TERT mutated-MGMT unmethylated GBMs had the shortest survival (median OS, 14.6 months), whereas those with TERT mutated-MGMT methylated GBMs survived the longest (median OS, 30.0 months).
A multivariate Cox regression model incorporating age, gender, cohort, KPS, tumor location, surgical history, TERT, and MGMT revealed that the interaction between TERT and MGMT was significant for OS in the combined GBM cohort of 453 cases. Against a reference of the TERT mutant-MGMT unmethylated GBMs, the HR for OS incorporating the interaction was the lowest in the TERT mutant-MGMT methylated GBM (HR, 0.266), followed by the TERT wild-type-MGMT methylated (HR, 0.317), and the TERT wild-type-MGMT unmethylated GBMs (HR, 0.542). For PFS, TERT and MGMT independently influenced survival (Table 5) .
When Cohort 2 was analyzed separately, univariate and multivariate Cox regression analysis for OS and PFS showed that the TERT and MGMT statuses were independent prognostic factors. Interaction between TERT and MGMT was not statistically significant in this cohort (Additional file 2: Table S8 ). 
Discussion and conclusions
In this study, we investigated the efficacy of TERT promoter mutation as a diagnostic and/or prognostic marker in combination with IDH mutation and MGMT methylation in a large series of newly diagnosed adult gliomas with detailed clinical information and a relatively homogeneous background, including postoperative treatment, in particular for GBM. Our results indicated that molecular classification based on the IDH and TERT statuses defines four groups within adult diffuse gliomas of grade II-IV, each showing distinct clinicalpathological features such as histological type, age, or tumor location. TERT promoter mutation was a favorable prognostic factor in IDH mutated tumors, whereas it was an unfavorable prognostic factor in IDH wild-type tumors. The most striking finding was that the prognostic impact of TERT promoter mutation may depend not only on the IDH status but also on the MGMT methylation status. The prognostic value of TERT mutation in GBMs has been controversial. Some have suggested that TERT status did not have an impact on OS in IDH wild-type GBMs after adjusting by age and gender [6, 26] , whereas others found an adverse prognostic impact of TERT mutation by multivariate analysis including treatment [16, 30] . This discrepancy may be due to insufficient cohort size or uneven treatment in some of the cohorts. Clinical background may also be a confounding factor. For example, TERT mutation is strongly associated with higher age, which in itself is a well-known prognostic factor and affects treatment choice. In the present study, the prognostic impact of TERT was validated in two independent cohorts of GBMs with similar clinical backgrounds in which molecular tests were thoroughly performed.
A potentially more significant possibility is the presence of additional confounding factors that influence survival of GBM patients in association with the TERT status. MGMT methylation is a well-established favorable prognostic marker for survival in GBM patients, and predicts the response to temozolomide in elderly GBM patients [9, 22, 34] . We therefore investigated the potential interaction between TERT mutation and MGMT methylation status in newly diagnosed GBM patients who received a standard treatment with concomitant temozolomide and radiation therapy in Cohort 1 as (29) 81 (31) 51 (26) 80 111 (25) 73 (28) 38 (20) 70 85 (19) 53 (20) 32 (17) − 60 69 (15) 41 (16) 28 (15) TERT/MGMT well as the combined GBM cohort. Our results indicate that the prognostic impact of TERT mutation is strongly influenced by the MGMT methylation status. The limitation of this study is that the interaction was validated in the combined cohort but not in the Cohort 2 alone, most likely because of the insufficient cohort size. A further validation in a larger cohort is warranted. Our finding that the subset of GBMs defined as having TERT mutation and unmethylated MGMT have the poorest prognosis has important clinical implications. Our results conclusively demonstrated that TERT mutation is one of the most powerful predictors of survival in GBM patients, along with the MGMT methylation status. It has been shown that temozolomide is effective for GBM with methylated MGMT. Patients with MGMT unmethylated GBM who receive only minimal benefit from current standard treatments including temozolomide are the primary population who require new therapeutic agents [10] . TERT may thus serve as an alternative therapeutic target for these patients.
Currently, Imetelstat is the only telomerase inhibitor that has been tested in clinical trials [23] . Imetelstat is an oligonucleotide inhibitor to TERC, an RNA subunit of telomerase, but not a direct inhibitor of TERT. Clinical anti-oncogenic activity of Imetelstat has yet to be demonstrated. In addition to its activity as the reverse transcriptase for telomerase, TERT is reported to have activity as an RNA-dependent RNA polymerase (RdRP) [20] . RdRP plays an essential role in RNA silencing by generating double-stranded RNAs, which are processed into microRNAs [20, 21] . It has been suggested that TERT is involved in diverse cellular functions, such as heterochromatin formation or maintenance of tumorinitiating cells through its RdRP activity. Recently, a specific inhibitor for RdRP that suppresses growth of platinum-resistant ovarian cancer cell lines with TERT mutation and upregulation has been proposed [35] . A pre-clinical study in GBM is underway (Takahashi, in preparation).
The biological mechanism for the interaction between TERT mutation and MGMT methylation that influences patient survival is currently unclear. A broad spectrum of the biological consequences of TERT activation, for example by microRNAs generated through TERT-RdRP, may affect the response to chemotherapy and/or radiotherapy.
One of the major challenges of the integrated diagnosis system for adult gliomas is whether histological diagnosis or WHO grading still have survival impact after stratification by molecular information. In our study, a multivariate analysis revealed that the histological diagnosis continues to be a significant predictor of survival. We further investigated the prognostic value of histological diagnosis in relation to clinical information in each subgroup.
We found that the WHO grade had no significant impact on OS in either Groups A or D, suggesting that each of these groups may be regarded as clinically Mut/Un-met (n=175) 14.6 mo.
P < 0.0001 Fig. 4 Kaplan-Meier analysis for survival, stratified by TERT and MGMT statuses in 453 GBM cases treated with radiation plus temozolomide. a. PFS of GBM cases (see text for definition). Median PFS was 14.5 months for TERT mutated-MGMT methylated (Mut/Met), 12.8 months for TERT wild-type-MGMT methylated (WT/Met), 9.8 months for TERT wild-type-MGMT unmethylated (WT/Un-met), and 7.2 months for TERT mutated-MGMT unmethylated (Mut/Unmet) (P < 0.0001, Log-rank test). The Mut/Un-met group showed shorter PFS than WT/Un-met (P = 0.0003, Log-rank test), whereas the differences in PFS between the MGMT methylated groups (between Mut/Met and WT/Met) was not significant (P = 0.62, Log-rank test). b. OS of the GBM cases. Median OS was 30.0 months for Mut/Met, 26.5 months for WT/Met, 18.8 months for WT/Un-met, and 14.6 months for Mut/Un-met (P < 0.0001, Log-rank test). The Mut/ Un-met group had shorter OS than WT/Un-met (P < 0.0001, Log-rank test), whereas the difference in OS between Mut/Met and WT/Met was not significant (P = 0.83, Log-rank test). GBM, glioblastoma; OS, overall survival; PFS, progression free survival [27, 29] ; however, it supports the results of another study [6] . So far, there are no molecular markers that define WHO grades. Our results and others, however, suggest that WHO grade may still be relevant in some types of gliomas. The limitation of these studies is that the treatment of low-grade astrocytomas may be inconsistent and have potentially confounded the results. A prospective study with homogeneously treated patients in clinical trials would be needed to clarify the significance of WHO grade in the era of molecular diagnostics. The Group C remains enigmatic. This triple negative group has highly heterogeneous backgrounds, including histological diagnosis, tumor location, and other genetic traits. This group mainly consists of adult GBMs, however it also contains pediatric types of GBM that harbor H3F3A mutations and indolent tumors resembling pediatric lower grade gliomas with BRAF mutations. A large scale analysis based on genome-wide methylation analysis identified tumors exhibiting methylation profiles similar to pilocytic astrocytomas, as well as tumors resembling pediatric GBMs in the IDH wild-type group [5] . Although WHO grade II and III tumors in Group C showed slightly better outcomes compared with the grade IV counterparts, the prognoses of the grade IV tumors in Group C were comparable with Group D. This shows that at least histologically proven GBMs in Group C are clinically relevant GBMs. The question remains whether the triple negative grade II-III tumors are biologically under-diagnosed GBMs, or if at least some of them form a separate sub-entity of genuine "Diffuse (Anaplastic) astrocytoma, IDH wild-type" tumors with an intermediate prognosis between those with IDH mutations and GBM. Further studies to establish molecular markers that unequivocally define GBM (e.g., EGFR amplification, monosomy 10/trisomy 7, or co-gain of chromosomes 19/20 [7, 28] ) on a larger collection of the triple negative/Group C tumors are warranted.
In this study, using a large cohort of newly diagnosed adult gliomas with precise clinical information, we demonstrated that molecular classification using IDH and TERT statuses is a strong prognostic marker of adult gliomas. The IDH-TERT classification efficiently identifies molecularly defined oligodendrogliomas and astrocytomas equivalent to the IDH-1p/19q-based classification. Although an accurate determination of total 1p/19q codeletion may require laborious and expensive molecular tests, examination of two hotspots in the TERT promoter is comparatively simple. Moreover, we found that a combination of TERT mutation and the MGMT methylation status classified GBMs into clinically relevant subgroups, identifying TERT mutated-MGMT unmethylated tumors as having the most severe outcome, and thus highlighting TERT as a primary target for novel therapies. Thus, by using TERT mutation as an additional biomarker, the molecular classification presented in this study will refine the integrated diagnostic system and prognostication of glioma patients. Our results emphasize the importance of combining molecular markers such as IDH, 1p/19q, TERT, and MGMT for accurate molecular diagnosis, prognostication, and the choice of treatment in clinical trials, as well as in routine clinical practice for glioma patients. Table S1 . Molecular and clinical characteristics of Cohort 1 (n = 758). Table S2 . Molecular and clinical characteristics of GBM cohort (n = 453). Table S3 . Univariate and multivariate Cox regression analyses for Group A (IDH mutated-TERT mutated) tumors in Cohort 1 (n = 155). Table S4 . Univariate and multivariate Cox regression analyses for Group B (IDH mutated-TERT wild-type) tumors in Cohort 1 (n = 131). Table S5 . Univariate and multivariate Cox regression analyses for Group C (IDH wild-type-TERT wild-type) tumors in Cohort 1 (n = 237). Table S6 . Univariate and multivariate Cox regression analyses for Group D (IDH wild-type-TERT mutated) tumors in Cohort 1 (n = 235). Table S7 . Univariate and multivariate Cox regression analyses for GBM in Cohort 1 (n = 260). Table S8 . Univariate and multivariate Cox regression analyses for GBM in Cohort 2 (n = 193). Table S9 . Background of combined GBM cohort stratified by TERT and MGMT status (n = 453). Table S10 . Survival time and WHO grade in each molecular subgroup of Cohort 1 (n = 758). (XLSX 254 kb)
